INSECTICIDE RESISTANCE in the German cockroach,
Blattella germanica, is a substantial problem that contributes to control problems in many areas (Rust & Reierson 1978; Cochran 1982 Cochran , 1989 . German cockroaches have developed resistance to a wide range of insecticides including organochlorine, organophosphate, and pyrethroid insecticides. Although efforts at monitoring for resistance in field-collected strains of German cockroaches have been successfuI (e.g., Cochran 1989) , very little information is available on the mechanisms of resistance in this species. Such information is critically needed if we are to design resistance management programs intelligently.
This study was undertaken to characterize the resistance spectrum in three strains of German cockroach variously resistant to insecticides and to gain preliminary information on the mechanisms of resistance in these strains with the use of synergists.
Materials and Methods
Cockroach Strains. Four strains of German cockroach were used in this study. (1) Ectiban-R had been selected (by J.G.S.) from the DDT-selected VPIDLS strain (Scott & Matsumura 1981 , 1983 during 1980-1981 as described previously (Scott & Matsumura 1983) with permethrin concentrations of 0.77 pg per cm2 for 10 h, 0.77 ~g per cm2 for 24 h, 1.9 pg per c m q o r 24 h, and 9.6 pg per cm2 for 28 d for the first-generation males, first-generation females, second generation (both sexes), and third generation (both sexes), respectively. Ectiban-R was obtained from F. Matsumura in 1986; during 1987 -1988 , the strain was selected twice with permethrin at a concentration of 3.1 j~g , per cm2 for 24 h. The parental VPIDLS strain has an insensitive nervous system (kdr-type resistance mechanism) conferring resistance to DDT and pyrethroid insecticides (Scott & Matsumura 1981 , 1983 ). This strain is genetically similar to CSMA (except for the resistance gene) due to repeated backcrossing and selection (Telford & Matsumura 1970) . The VPIDLS strain slowly reverts to susceptibility in the absence of selection pressure. However, there has been no apparent loss of resistance in the Ectiban-R strain after the last selections in 1988. (3) Kenly was collected from a house in Kenly, N.C., in 1984 and has been reported to have resistance to pyrethrins and bendiocarb that can be suppressed with piperonyl butoxide (Cochran 1987 Chemical Dynamics Corp., South Plainfield, N.J.) and the hydrolytic inhibitor DEF (S,S,S-tributylphosphorotrithioate; Chem Service Inc., West Chester, Pa.) were used as synergists.
Bioassay Methods. XIost bioassays were done by topical application to the abdomen as previously described (Scott & Matsumura 1981) with the following modifications: the insecticide was delivered in 0.5 p1 acetone, and 10 male cockroaches were tested per dose. All bioassays had at least three doses that caused >0% and < 100% mortality. The synergists PBO and DEF were applied in a 0.5 p1 drop to the abdominal sternum 1 h before insecticide application at doses of 10ObPg and 30 pg per cockroach, respectively. Mortality was evaluated 24 h after insecticide application. Data were analyzed by probit analysis (Raymond 1985) . Some experiments were done by exposing large nymphs to a residue of a single dose of insecticide or insecticide + synergist, and observing nymphs over time as described by Cochran (1989) .
Results and Discussion
The toxicities of nine insecticides alone or with synergist (tested by topical application) to the susceptible (CSMA) strain of German cockroaches are shown in Table 1 . LD,'s ranged from 0.004 pg per cockroach for the most toxic insecticide (deltamethrin) to 8.4 pg per cockroach for the least toxic insecticide (malathion). The cytochrome P-450 monooxygenase inhibitor PBO caused >30-fold synergism for pyrethrins and a > 10-fold synergism for cypermethrin and deltamethrin at the LD, (Fig. 1) . This result differs from those of a previous study in which synergism of pyrethrins was not detected with simultaneous exposure to insecticide and PBO in a fixed-dose, time-variable residue bioassay (Cochran 1987) . This difference may have occurred because immobilization of cockroaches with the concentration of pyrethrins used for the LT,, assay was so rapid (~1 0 min) that metabolism was not important in the poisoning process (Sawicki 1962 , Ford & Pert 1974 , Scott & Matsumura 1983 , Scott & Georghiou 1984 . Alternatively, the two methods of exposure could affect different metabolic sites. PBO also decreased the toxicity of chlorpyrifos 8-fold, probably by blocking the monooxygenase-mediated activation of chlorpyrifos to chlorpyrifos-oxon, The enzymatic hydrolysis inhibitor DEF caused a > 10-fold synergism (Fig. 1) to three insecticides: bendiocarb, chlorpyrifos, and malathion. The level of synergism to malathion by DEF was quite remarkable (150-fold), suggesting that hydrolytic metabolism of malathion is quite high even in susceptible cockroaches. Such high metabolism is probably one reason why malathion was the least toxic insecticide that we tested against the susceptible strain.
The toxicities of seven insecticides to three re- Table 2 , and resistance ratios (LD,, resistant strain/ LD,, susceptible strain) are presented in Fig. 2 . The Rutgers strain was highly resistant (> 10-fold) to bendiocarb and moderately resistant (3-to 10-fold) to malathion, chlorpyrifos, propoxur, and pyrethrins. Although the resistance level at the LD,, was only moderate for malathion, the dose-response line was very flat (Table 2) , and resistance was much higher at the LD,, suggesting considerable heterogeneity in this strain. The Kenly strain was highly resistant (> 10-fold) to bendiocarb, propoxur, and malathion and had moderate levels of resistance to all the other compounds tested. Based on overlap of 95% confidence intervals, the Ectiban-R strain was highly resistant to all three pyretllroids and pyrethrins, but not to any of the other insecticides. This result is consistent with previous studies on this strain, in which the mechanism of resistance was identified as a kdr-type (Scott & blatsumura 1981 (Scott & blatsumura , 1983 . The resistance levels of large nymphs of the Rutgers or Kenly strains to 12 insecticides by residual exposure are shown in Table 3 . Both strains exhibited very high levels (>50-fold) of resistance to bendiocarb and malathion. The Kenly strain was also highly resistant to pyrethrins. Resistance levels probably sufficiently high to limit control were also noted for propoxur in the Kenly strain and diazinon in the Rutgers strain.
A comparison of results for the residual (Table   3 ) and topical ( Fig. 2) Fig. 2 . Levels of resistance to 10 insecticides in three insecticide-resistant strains of German cockroach. resiilual bioassay (Table 3) \\as not observed by topical application In addition, the Rutgers strain liad a resistance ratio of > G for pyrethrins by the topical application method ant1 a resistance ratio of only 1.3 by the residue method, again suggesting that the two methods may involve different physiological systems or resistance mechanisms. Obviously, results from the two methods cannot always be compared directly (Scott et al. 1986 ). The LT,, (residue) method is invaluable as a means to monitor insecticide resistance because it allows the accumulation of large amounts of data quickly.
Resistance Ratio
The LD,, (topical) method may be more appropriate for other toxicological tests because the arnount applied is precisely known.
To investigate possible mechanisms of resistance to those insecticides to which one or more strains displayed high levels of resistance, we used the synergists PBO and DEF. The effect of PBO and DEF on the level of resistance is shown in Fig. 3 .
Resistance to cypermethrin in the Ectiban-R strain (, , , , , , , , , , was unaffected by PBO and DEF, suggesting that resistance is not the result of increased metabolic detoxification and supporting the evidence for a kdr-type resistance in this strain (Scott & hlatsumura 1981 (Scott & hlatsumura , 1983 . The 100-fold resistance to propoxur in the Kenly strain was reduced to 15-and 7-fold with DEF and PBO, respectively, suggesting that hydrolytic and oxidative detoxification are, at least in part, responsible for this resistance. Similarly, bendiocarb resistance in both thk Kenly and Rutgers strains was partially suppressed by PBO or DEF, suggesting that oxidative and hydrolytic detoxification are at least partly involved in the resistance. hlalathion resistance in the Rutgers strain was suppressed with PBO, but not DEF, suggesting that oxidative metabolism may be the mechanism of resistance in this strain. Pyrethrins resistance in the Kenly strain was largely unaffected by either synergist. This result is in sharp contrast with a previous report of a time-variable residual contact bioassay in which resistance to pyrethrins was reduced from >80-to 1.3-fold with PBO (Cochran 1987) . With the time-mortality method, immobilization (end-point in this bioassay) of the susceptible strain is very rapid because a relatively high concentration is used. Therefore, the only physiological processes involved in the poisoning of susceptible cockroaches would be cuticular penetration and interaction with the target site (Sawicki 1962 Georghiou 1984) . Thus, addition of a synergist that blocks metabolism would have little or no effect on the LT,, of the susceptible strain. However, in the resistant strain longer times are needed for immobilization, and at these longer times metabolism is important in the poisoning process (Sawicki 1962 , Ford & Pert 1974 , Scott & Matsumura 1983 , Scott & Georghiou 1984 . Therefore, synergism can be observed only in the resistant strain, giving the illusion that the synergist was reducing the level of resistance. Alternatively, the two different methods of application may affect different physiological systems, resistance mechanisms, or both.
Brattsten (1987) suggested that if a naturally occurring detoxification system is relatively abundant, it may predispose an insect species to develop resistance by this mechanism. Our results do not support this idea, however. In the case of malathion, for example, the susceptible strain possesses a highly efficient DEF-suppressible (i.e., hydrolase) metabolism. Yet results on the malathion-resistant strain (Rutgers) suggest that resistance is not due to hydrolases because DEF did not affect resistance levels. A similar pattern was noted for resistance to pyrethrins in the Kenly strain. Conversely, resistance to propoxur in the Kenly strain was suppressed with DEF and PUO, but these synergists had only a 1.1-and 5.2-fold effect on the susceptible strain, respectively.
